We compared performance of a novel encoding Lempel-Ziv complexity (ELZC) with 10 approximate entropy (ApEn), sample entropy (SmpEn) and permutation entropy (PerEn) as 
Introduction

30
In practice, considerable amount of ECG recordings collected via wearable device and smart
31
phone cannot be used in clinic because their quality is so poor that their main waveform cannot be 
Materials and Methods
83
Artificial synthetic and Real ECG siginals
84
For presenting comprehensive study, we used three types of datasets including six typical 
where 1<μ≤4. In this study, Logi(4.0) represented the Logistic series that μ were set as 4.0, and the real common noises within ECG signals from the MIT Noise Stress Test Database (NSTDB) to collected from the real clinical environment, each with duration of 30 mins and a sample rate of 360
in the raw signals affected the content level of BW noise within ECG recordings leading to inaccurate 100 results in further study. The NSTDB provides three common noises that can be typically found in
101
real clinical application, i.e., MA, EM and BW. In addition, another common noise existed in several clinic environments i.e., PL was also used to combine the artificial synthetic ECG recordings.
103
SNR reflects the content level of noise within signal, and SNR is defined as 104 10 10 log ( )
where Psignal and Pnoise denote the power of the clean ECG and the power of the noise, respectively. 
Encoding Lempel-Ziv complexity (ELZC)
130
The classical LZ complexity consists of two steps. Firstly, an original time series is transformed 131 into a new binary symbolic sequence by comparing with the mean or median of the original series,
132
and then the LZ value from the binary sequence is calculated. In this study, the original series was
133
transformed into an 8-state symbolic (3-bit binary) sequence by an encoding way.
134
Each xi within the original signal X=x1, x2, …, xn is transformed into a 3-bit binary symbol the xi is less than the mean, otherwise the b1(i) is 1.
where dm is the mean distance between adjacent points within signal X. Subsequently, b3(i) is 144 calculated as follows:
where b3(i) is 0.
146
After the symbolic process, the LZ value of the new symbolic sequence will be calculated, and 
158
Thereafter S=s(1), s(2), …, s(r+i) and Q=s(r+i+1). This above procedure is repeated until Q is the last 159 character of B. in fact the LZ complexity counter c(n) may be normalized as the C(n)
where n is the length of signal X, α is the number of possible symbols contained in the new sequence.
161
Generally, the normalized complexity C(n) is consider instead of c(n) in practice.
162
ApEn, SmpEn and PerEn
163
• ApEn and SmpEn
164
Pincus proposed ApEn as a metric to quantified regularity of a time series [19] , and it means 
For each vector xi, the number of the distance dij within r×SD is found where SD is the standard 171 deviation of the time series S, and the ratio of the number to the total number of vector N-m+1 is
( ) ( )
Similarly, when the embedded dimension is m+1, the corresponding Ci m+1 (r) and φ m+1 (r) can be 175 obtained.
Then, the ApEn is described as follows:
In fact, the length N is not infinite, so the ApEn can be calculated by Eq. 12 when N is a finite 178 number.
In fact, the SmpEn is a modified complexity method based on ApEn. 
where B m (r) is the probability that two m-dimension vectors will match, and similarly B m+1 (r) is the 183 probability that two m+1 dimension vectors will match, and m is the embedding dimension [20] .
184
In this study, both of ApEn and SmpEn were calculated with r as 0.15×SD where SD was the 185 standard deviation of the data series S, and m as 2.
• PerEn
187
The 
where m is the embedding dimension and τ is delay time, and k=n-(m-1)×τ. Each a row of the matrix ( 1) 
where l=1, 2, …, k and k<<m!, and m! is the largest number of distinct symbols. The symbol sequence of different symbol sequences of time series si in terms of Shannon entropy can be defined as [24] : 
The value of Hp represents the randomness degree of the time series si, and it described local 203 order structure of the time series. 
where true positive is number of identified unacceptable recordings among the unacceptable ECG 234 recordings, and ture negative is number of identified acceptable recordings among the acceptable
235
ECG recordings. Actually in this study normalization of data was necessary because the range of study. The approach is described as follows:
where x and x* are an original time series and the new series after normalizing respectively. 
Results of sensitivity analysis
266 Table 1 shows the ELZC, ApEn, SmpEn and PerEn values for five artificial signals i.e., the 267 clean ECG plus BW, the clean plus EM, the clean plus MA, the clean plus PL and the clean plus 268 hybrid noise on several SNR from -10 to 15 dB, in steps of 5 dB. 
279
Complexity of pure PL noise is nearly zero because PL is periodic signal, so complexity of the clean
280
ECG recordings plus PL noise should be higher than that of periodic signal. Furthermore in contrast
281
to complexity of the periodic signal, that of the clean plus PL noise should increase with the 282 increase of SNR because nonlinear properties within the signal increases. 
Conclusions
312
In this study, we compared a novel ELZC complexity method with ApEn, SmpEn and PerEn
313
for ECG quality assessment. 
